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A B S T R A C T
The compatibility between nanocontainers and coating formulations is perhaps the last frontier in the quest for
functional coatings. Sensing coatings for early metallic corrosion detection is an urgently needed technology
by aeronautical companies to mitigate the costs of corrosion through continuous monitoring. In this work, we
revisit phenolphthalein encapsulated silica nanocapsules, which were incorporated into a water-based lacquer,
resulting in a novel corrosion sensing coating for aluminum alloy 2024 with improved functionality and stan-
dard performance. The ability of the coatings to detect corrosion by color change was investigated by immersion
and salt-spray tests. During these tests, it was clearly demonstrated that encapsulation of the active compound
is essential to obtain a functional coating, since the shell of the silica nanocapsules minimizes the detrimental
interaction of the active compound with the coating formulation. The compatibility between nanostructured ad-
ditives and coatings is almost never taken into consideration in the literature. Herein this aspect evidences the
positive effects of active agent encapsulation, which is explored in terms of reactivity, viscoelastic properties,
curing, thermal stability, release and leaching studies, hardness, mechanical properties and corrosion resistance.
Computer simulations based on the density functional theory and periodic structural models were performed to
unveil the interaction mode of phenolphthalein with the metallic surface.
1. Introduction
It is critical for the aeronautical industry that the next generation of
smart coatings allows the early detection and continuous monitoring of
corrosion. Once corrosion is detected, preventive actions can be taken in
order to mitigate its costs, such as restoration of the affected zone and
partial substitution of the coating. The need to confer a corrosion sens-
ing ability to coatings has demanded the efforts of researchers around
the globe, including those working in large agencies such as NASA [1].
The present work addresses this demand by providing a market ready
nanocontainer-based coating.
Traditional corrosion sensing technology usually involves compli-
cated strategies, such as electrochemical sensors [2], sub-surface image
techniques [3], scanning electrochemical microscopy [4], optical mi
croring resonation [5] or electrically conductive paints together with
printed wiring for the wireless transmission of the results [6].
An early simpler technology [7] to obtain coatings equipped with
intrinsic corrosion sensing ability was the direct dispersion of pH sen-
sors in coating formulations [8]. The rationale behind this strategy is
that once corrosion ensues, this leads to localized effects in metals [9]
with an acidic pH in anodic regions and an alkaline pH in cathodic re-
gions [10]. However, in the case of corrosion inhibitors, the direct in-
teraction between the inhibitors and coating formulations, despite en-
hancing active corrosion protection, could deteriorate the coatings bar-
rier properties, which leads to the proliferation of corrosion processes
[11]. With this in mind, and in order to minimize the interaction be-
tween pH sensors and coating formulations, Maia et al. developed nano
[12] and microcontainers [13] for the encapsulation of pH sensors and
demonstrated the concept of nanocontainer-based sensing coatings. Re-
visiting phenolphthalein encapsulated silica nanocapsules (SiNC-PhPh)
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[12] in the present work, a surface engineering research group joins
forces with a nanocontainers’ producing startup and a coating manu-
facture company to produce a corrosion sensing coating (Fig. 1) with
improved functionality for one of the most common alloys used in the
aeronautical industry: the aluminum alloy 2024 (AA2024). The coating
system developed in this work has several main advantages concern-
ing the current state of the art of sensing coatings: i) regarding sens-
ing coatings resulting from the direct dispersion of functional organic
compounds on polymeric matrices [7,8], the use of SINC to encapsu-
late pH sensors avoids the direct and detrimental interaction of organic
compounds with the coating [11], resulting, as demonstrated in the pre-
sented work, in a new coating with comparatively better performance in
terms of corrosion protection, which is fundamental for end users in the
aeronautical industry, while also improving its hardness and viscoelastic
properties, increasing the thermal stability, and reducing the leaching
of organic compounds under extreme pH conditions; ii) regarding sens-
ing coatings which already make use of the encapsulation of the sens-
ing compound [12,13], the present coating has a unique combination of
polymer matrix and nanocontainers that maintain an initial transparent
coating (usually, to enhance the change of color other coatings employ
an initial white color) and are already in the final upscaled form and
currently existent in the market.
The field of nanocontainer based functional coatings and of sens-
ing coatings in particular, is still in its infancy. The compatibility be-
tween nanocontainers and polymeric coating formulations is a rarely ad-
dressed aspect, yet fundamental for the application of new functional
coatings in the real world. After incorporation of nanocontainers into
coating formulations, besides acquiring new functionalities, coatings
should be able to maintain their original properties and perform ac-
cording to standard tests required for industrial application. In the pre-
sent work, SiNC-PhPh were incorporated into a water borne high-per-
formance lacquer. For comparison, the same amount of PhPh that was
encapsulated in the silica nanocontainers was also added directly to
the coating. First, it was demonstrated that the direct addition of ac-
tive agents into the coatings has limited applicability, since only the
nanocontainer based coating responded adequately to the localized cor-
rosion effects. Secondly, the new coating was submitted to rigorous
standard performance tests demanded by the industry, through investi-
gation of its rheology, leaching, curing, thermal stability, hardness, me-
chanical properties and corrosion resistance. It was demonstrated that
encapsulation of PhPh in SiNC keeps the original properties of the coat-
ing mostly intact, while providing corrosion sensing ability and increas-
ing corrosion resistance.
Moreover, the drawbacks of directly adding active organic com-
pounds to coating formulations are clearly shown in the present study,
such as the ‘deactivation’ of the sensing compound in some formula-
tions, lower responsive ability to surrounding conditions, and damaging
interaction with the coating formulation resulting in a lower protection
of the metal by barrier effect. These findings reinforce the importance
of nanocontainers to achieve functional coatings.
2. Experimental section
2.1. Materials
Phenolphthalein (PhPh), cetyltrimethylammonium bromide (CTAB)
(99%), tetraethoxysilane (TEOS) (99.9%), ammonia solution (NH⁠4OH)
(25–28%), ethanol (95%) and cyclohexane (99.5%) were acquired from
Sigma-Aldrich and used for the synthesis of SiNC-PhPh without any fur-
ther purification.
2.2. Synthesis of SiNC-PhPh
SiNC-PhPh were produced by SMALLMATEK Lda. according to an
upscaled procedure of an oil-in-water microemulsion described in a pre-
vious work [12], using a mixture of cyclohexane and ethanol (1.5:1) as
the oil phase. The obtained precipitate was filtered, washed with dis-
tilled water and conserved as slurry for the application in coating formu-
lations. 10wt% was considered to be the amount of encapsulated PhPh
in SiNC, according to a previous study [12]. Hence, this percentage was
used in the calculation of the amount of PhPh to be dispersed directly in
the formulation for comparison purposes.
2.3. Pre-treatment of aluminum substrates
Aluminum alloy 2024-T3 (AA2024) plates were washed with deion-
ized water, followed by acetone for removal of dust and degreasing.
Then, AA2024 plates were chemically etched following a three-step in-
dustrial cleaning procedure (“Aluminetch”) consisting of: 1) alkaline
treatment in Metaclean T2001 [(48±2)gL⁠−1] at (65±5)°C for 25min;
Fig. 1. Corrosion sensing mechanism of a SiNC-PhPh corrosion sensing coating for AA2024.
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2) alkaline etching in Turco Liquid Aluminetch N2 [(65±5)gL⁠−1] at
(60±5)°C for 45s; and 3) acid etching in a Turco Liquid Smutgo NC
[(180±10)mlL⁠−1] at (30±5)°C for 7min. After each step the metal-
lic plates were thoroughly washed with distilled water, and, in the end,
dried at room temperature.
2.4. Coating formulation
A water-soluble acrylic urethane emulsion produced by SYNPO,
commercially available as LACQUER AQ CC 080, was used in this work.
It was chosen since it combines top performance and high gloss with sig-
nificantly lower and less toxic emissions of volatile organic compounds
(VOC) than solvent-based formulations. The weight percentage of solids
in the mixture was 35wt% and it was used in combination with hard-
ener AQ BU 16 (SYNPO), in a 2.5 AQ CC 080: 1 AQ BU 16 mixing ratio.
After application of the coating formulation, the curing process was the
following: 24h at room temperature (≈23°C) followed by 1h in an oven
at 100°C.
AC alkyd Hydrospol D101 (D101, produced by Spolchemie) was also
used in this work to extend our approach to other formulations. This
formulation, which has a solids content of 44%, has the advantage of
curing in air without the need of a curing agent. Nevertheless, Additol
VXW 4940 (produced by Allnex), a siccative to accelerate the curing,
was added in low percentage (3wt%) immediately before the deposition
of the film and after the dispersion of the nanocapsules. After applica-
tion, D101 was cured for 48h at room temperature (≈23°C).
2.5. Mixing of SiNC-PhPh in the formulation and coating application
The dispersion of SiNC-PhPh in LACQUER AQ CC 080 was achieved
using the following methodology: 1) pre-dispersion of the original
SiNC-PhPh slurry in water for 24h; 2) filtration of the product, guaran-
teeing that a sufficient amount of water is present to keep the capsules
hydrated; 3) mixing of SiNC-PhPh with the main component of the for-
mulation and magnetic stirring for another 24h.
The investigated coatings in this work (Table 1) were the original
formulation, LACQUER AQ CC 080 (080), and 080 with 3% of dispersed
SiNC-PhPh particles (080-SiNC-PhPh). For comparison, the active com-
pound (PhPh) was also dispersed directly in the polymeric matrix in a
proportion of 0.3%, which corresponds to the encapsulated amount in
the particles (referred hereafter as 080-PhPh).
In the case of D101, the dispersion of the particles (3% SiNC-PhPh)
was performed by ultrasound for 15min.
The ratio of particles in the formulation is calculated considering the
mass of dry particles to the mass of solids content in the formulation.
The coatings were applied using a gap film applicator with a slit of
150μm, which resulted in a dry film thickness of (30±2)µm.
Table 1
Description of the coating systems studied in this work.
System
acronym Description
080 LACQUER AQ CC 080
080-PhPh LACQUER AQ CC 080 with 0.3% PhPh
080-SiNC-PhPh LACQUER AQ CC 080 with 3% dispersed SiNC-PhPh
particles
D101-SiNC-
PhPh
AC Alkyd Hydrospol D101 with 3% dispersed SiNC-PhPh
particles
2.6. Standard tests and characterization
Immersion tests in 5% NaCl and salt-spray tests according to the In-
ternational Standard ISO 9227 were used to examine the coating func-
tionality for corrosion detection of AA2024. In the case of the salt-spray
tests, on a small section of each plate, an X scribe was made in order to
accelerate corrosion and coatings response.
The rheological study of the formulations was performed using a
Kinexus lab+rotational rheometer, with a 4° cone geometry of 40mm
diameter and a gap of 150µm, at T=298K. The viscosities were mea-
sured in rotational mode using a shear rate sweep between 0.1 and
1000.0s⁠−1, while measuring 5 points per decade. The viscoelastic prop-
erties were obtained using a constant shear strain of 2% and a frequency
sweep from 0.1 to 10Hz, sufficient to observe the crossover between
the loss (viscous) modulus (G”) and the storage (elastic) modulus (G’),
together with 10 points per decade. The shear strain corresponding to
the linear viscoelastic region was chosen after performing an amplitude
sweep with shear strains between 0.01 and 100%.
The glass transition temperatures (T⁠g) of several cured coating for-
mulations were measured in a TA Instruments Q2000 differential scan-
ning calorimeter (DSC). The cured formulation samples, with and with-
out particles, were sealed in aluminum crucibles and measured accord-
ing to convention (ISO 11357-2).
The thermal stability of the coatings was studied by thermogravimet-
ric analysis (TG/DTA), using a Setaram–Labsys system under air atmos-
phere, with a heating rate of 10°Cmin⁠−1 from room temperature up to
200°C.
For the characterization of the reaction product between PhPh and
isocyanates, size exclusion chromatography (SEC) was carried out us-
ing a Waters Alliance 2695 Separations Module with a Waters 2414 re-
fractive index (RI) detector using two Agilent PLgel Mixed-E columns
300×7.5mm. The mobile phase was tetrahydrofuran (THF) at a flow
rate of 1mL/min. The columns were calibrated by 10 polystyrene stan-
dards covering a molar mass range of 162–35,000g/mol. The sample
was injected as a 100mL THF solution with a concentration of approxi-
mately 0.3% w/v.
The FT-IR absorbance spectrum was measured using a Nicolet Im-
pact 400D apparatus with the sample applied on a KRS-5 slide.
The release of PhPh from silica nanocapsules and leaching of PhPh
from coatings were performed by means of UV–Vis spectroscopy us-
ing a Sarspec SPEC SPEED+UV/Vis equipment with a quartz cuvette
(l=1cm). Calibration curves at different conditions were performed
and their correlation coefficient, from at least 5 standards, was higher
than 0.9999.
For the release studies, a suspension of SiNC-PhPh (20mg) was pre-
pared in 20mL of solvent (pH 4 buffer, pH 10 buffer and 0.05M NaCl)
and kept under a stirring speed of 500rpm for 24h. At different time pe-
riods (0–24h), aliquots were taken from the suspension with a syringe
and filtered through PTFE membrane filters (0.45mm pore size) to re-
move the capsules. Dilutions were performed when needed. Simultane-
ously, a suspension of SiNC-PhPh in ethanol was left under stirring for
24h in order to determine the total release of PhPh from silica capsules
(determination of loading content).
Leaching studies were performed for 080-PhPh and 080-SiNC-PhPh
using ∼0.1000g of free film in 10mL solutions of 0.05M NaCl, pH=4,
pH=10 and pH=11.5. The solutions with the original 080 free film
were used as the reference background. After each measurement, the
aliquot was placed again in the immersion solution.
The hardness of the coatings was analyzed according to Martens mi-
crohardness (ISO 14577-1), while the influence of the particles on the
mechanical properties of films was assessed by tensile testing according
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to ASTM D 1708. Films were prepared by application on a polypropy-
lene substrate, to facilitate the removal of the coatings, and samples
were cut out from the free film.
The corrosion protection performance of the coating systems for
AA2024 in a 50mM NaCl aqueous solution was evaluated by electro-
chemical impedance spectroscopy (EIS).
The measurements were carried out with a Gamry potentiostat/
galvanostat/ZRA interface 1000 at open circuit potential with an ap-
plied 10mV sinusoidal perturbation in the 100kHz to 10mHz frequency
range, taking 7 points per decade. A conventional three electrode cell
was used, composed of a saturated calomel reference electrode, a plat-
inum foil as counter electrode, and the AA2024 substrates as the work-
ing electrodes, with a surface area of 3.35cm⁠2. Measurements were per-
formed 2months after the preparation of the coated substrates.
3. Computational section
Density functional theory (DFT) calculations employing periodic
structural models were performed here to understand the interaction of
PhPh with two different aluminum surfaces and to aid the interpretation
of EIS results. For comparison purposes, the interaction of 2-mercapto-
benzothiazole (MBT) [14], an efficient corrosion inhibitor for aluminum
alloys [15], with aluminum surface models was also considered.
The calculations were performed with the Quantum ESPRESSO (QE)
suite of computer codes [16] and the Perdew-Burke-Ernzerhof (PBE)
[17] exchange-correlation functional based on the generalized-gradient
approximation of the DFT. The semi-empirical correction of Grimme
(D2) was employed to take into account van der Waals interactions
[18,19]. The nuclei and core electrons were described by ultrasoft
pseudopotentials [20] available for PBE in the QE website (http://
www.quantum-espresso.org/pseudopotentials/). The Kohn−Sham or-
bitals were expanded using planewave basis sets with 30 Ry cutoff for
kinetic energy and 240 Ry cutoff for charge density. The first Brillouin
Zone integrations were performed with the Gaussian smearing method
using a smearing parameter of 0.02 and a 2×2×1k-point mesh [21].
The optimization procedure was stopped after the forces acting on all
atoms in a structure were lower than 10⁠−3Ry/au.
In order to understand the interaction of PhPh and MBT with the
aluminum substrate, the adsorption energies of one molecule per super-
cell onto two aluminum surfaces, hydroxylated aluminum terminated
α-Al⁠2O⁠3(0001) and Al(111), were analyzed. The two surfaces were cho-
sen, since corrosion inhibitors may interact with the aluminum oxide
layer formed on top of aluminum alloys [22–25], but also directly with
the bare metal through defects on the oxide layer [22,23] and depend-
ing on the stability of the oxide layer under different pHs [24] and other
electrolyte [25] conditions.
The α-Al⁠2O⁠3(0001) slab (Fig. 2) consisted in an aluminum terminated
model with 18 layers (Al O Al Al O Al Al O Al Al O Al Al O Al Al O Al).
The model was described as a (2×2) hexagonal cell with a lattice para-
meter of a=4.76Å [26]. The slab was built from the bulk structure and
all atomic positions were relaxed. After optimization of the structure, in
the remaining calculations, the eleven bottom layers were kept frozen,
while the upper seven were allowed to relax (Fig. 2). Then, hydroxyl
groups were added to the uppermost aluminum layer of the model until
reaching a degree of hydroxylation of 75%, i.e., 3 hydroxyl groups per
(2×2) supercell as suggested from the DFT studies in Ref. [27], and as
applied in a previous work [28].
The Al(111) surface slab models (Fig. 2) were described as four
(5×5) (111) layers (100 atoms) with an optimized lattice parameter of
4.060Å [29], keeping frozen the two bottom layers of the slab, while
the other two were relaxed.
Fig. 2. Representation of the supercells of the 75% [27] hydroxylated aluminum termi-
nated α-Al⁠2O⁠3(0001) model and the four layers (5×5) Al(111) model (spheres color code:
Al – blue; O – red; H – white). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
A vacuum region of at least 10Å was kept between the top of the
adsorbed molecule and the adjacent slab, and the artificial electric field
perpendicular to the surface was corrected using the Bengtsson method
[30].
The adsorption energies (E⁠ads) for PhPh and MBT onto the
α-Al⁠2O⁠3(0001) and the Al(111) surface models were calculated as the
difference of the total energy of the adsorbate@substrate systems and
the sum of the total energies of the separated adsorbate and substrate
fragments. Hence, negative values of the adsorption energy refer to sta-
ble adsorptions.
4. Results and discussion
4.1. Corrosion sensing tests
Coated AA2024 plates were immersed in a 5% NaCl solution in or-
der to accelerate corrosion and verify if the coatings were able to de-
tect the associated local change of pH [9,10]. A coated sample con-
taining SiNC-PhPh (3%) was compared with a coated sample prepared
with directly dispersed PhPh with an amount corresponding to the ac-
tive compound encapsulated in the nanocontainers (0.3%) [12]. The
need to encapsulate the pH indicator to obtain a sensing coating is
demonstrated by the fact that only the sample with encapsulated PhPh
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(080-SiNC-PhPh) was able to change color and indicate the corrosion
process (Fig. 3).
It is possible to verify that the coating containing SiNC-PhPh starts
to indicate the presence of corrosion, by the appearance of pink color,
only after 8days of immersion and before the corrosion process is even
visible to the naked eye.
In the case of 080-PhPh, after 8days of immersion, several spots ap-
pear on the surface due to corrosion underneath, but no pink color is
noticeable.
Standard near neutral salt-spray tests were also performed to analyze
coatings response to accelerated corrosion conditions. A scribe was done
in order to analyze their response to the accelerated corrosion process
that occurs underneath. Again, only 080-SiNC-PhPh was able to change
color (and solely after two days of immersion) and indicate the corro-
sion process in the scribed zone (Fig. 4). In Fig. 4, is possible to verify
that the addition of PhPh and SiNC-PhPh maintains the transparency of
the original coating.
The sample with free PhPh was never able to detect corrosion, which
further supports the need to encapsulate pH indicators for the coatings
to maintain sensing ability.
To ensure that the approach used herein can be extended to other
polymeric formulations, SiNC-PhPh were also used, in this work, as
sensing additives for D101. The results of near neutral salt-spray tests
are presented in Fig. 5, where a scribe was done to accelerate the
corrosion process. D101-SiNC-PhPh is able to indicate corrosion af-
ter only four days of testing, and before corrosion is spotted. The
functionality results of the D101-SiNC-PhPh coating demonstrate that
the use SiNC-PhPh is not limited to the 080 coating. As a result,
D101-SiNC-PhPh was only characterized by salt-spray and immersion
standard tests, but
its good performance regarding these tests (the fact that it is able to de-
tect corrosion by the change to pink color, before it is visible on the
surface) suggest that SiNC-PhPh keep intact the barrier properties of the
coating, demonstrating that D101-SiNC-PhPh is also a promising solu-
tion to be applied for corrosion sensing.
The present combination of coating formulations and nanocontain-
ers also present an improvement in terms of functionality for AA2024
over previous nanostructured sensing coatings [12,13].
4.2. Deactivation of PhPh
To analyze the effect on the visual signal of 080-PhPh, the amount of
PhPh in the coating was increased from 0.3% to 1%. However, accord-
ing to the results presented in Fig. S1 of the Supplementary Material, the
increase of the amount of PhPh in the formulation was not successful to
enable corrosion detection. Hence, the reason for the lack of signal in
the case of directly added PhPh should be related to its interaction with
the coating formulation.
AQ CC 080 coatings are obtained by mixing the main component
of the formulation, a water-borne polyurethane emulsion, with a curing
agent containing compounds with isocyanate groups to trigger the cur-
ing of the coating. These isocyanates are masked to be mixable with the
binder without reacting with the water solvent. However, isocyanates
can react with the hydroxyl groups present in the aromatic rings of PhPh
to form urethanes, which might explain the deactivation of PhPh when
added directly. To investigate this, an equimolar mixture of PhPh and
isophorone diisocyanate was homogenized in tetrahydrofuran (THF) un-
der dried atmosphere.
Fig. 3. Immersion tests of coated AA2024 plates in 5% NaCl. For clarity purposes, the color saturation of the all images was increased by the same amount.
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Fig. 4. Standard neutral salt-spray tests of coated AA2024 plates with 080-SiNC-PhPh-3% and 080-PhPh-0.3% in 5% NaCl.
Fig. 5. Standard neutral salt-spray tests of coated AA2024 plates with D101-SiNC-PhPh-3%.
The reaction was monitored by FTIR (Fig. 6). The spectra present an
intense peak at ∼2270cm⁠−1 corresponding to the isocyanate group (R-N
C O). The solution was left to react in the presence of a catalyst
(dibutyltin dilaurate). After 24h, the intensity of the isocyanate peak
decreased to approximately two thirds of the initial peak, while several
peaks associated with a urethane bond appear. This proves that the iso-
cyanate groups react with PhPh.
After 5days of reaction, the mixture was fully polymerized. The re-
sulting white polyurethane was diluted again in THF to measure its
molecular weight by size exclusion chromatography (SEC). An average
molecular weight of 3839gmol⁠−1 was obtained, corresponding approx-
imately to a chain with seven urethane units.
Additionally, a similar test was performed in order to investigate the
compatibility of PhPh with the hardener of the 080 coating formula-
tion (AQ BU 16). Results were compared with the ones obtained pre
viously and similar conclusions can be drawn. A mixture of PhPh and
hardener, with a ratio of approximately 1:1 regarding the functional
groups, was homogenized in tetrahydrofuran (THF) under dried atmos-
phere. SEC measurements presented in Supplementary Material (Figs.
S3 and S4) were performed after 5h at 60°C and 7days at room tem-
perature. These results revealed the presence of high molecular weight
peaks, consistent with a reaction between PhPh and the hardener.
In the case of PhPh encapsulated in SiNC, the active compound may
be protected, by the silica shell, from reacting with isocyanate groups
during the curing of the film. Hence, it would be available to provide
a pink coloration indicating the change of pH during corrosion, unlike
the free PhPh. While the reaction between the hydroxyl groups of PhPh
and the isocyanate groups of the hardener may not be the sole factor
explaining the deactivation of directly added PhPh, it is shown here
to be a factor to consider. Moreover, this factor may not be limited to
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Fig. 6. FTIR spectra of the PhPh and isophorone diisocyanate equimolar solution immediately after mixing (blue) and after 24h (red). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
sensing coatings, since the encapsulation of organic compounds to limit
their interaction with coating formulations is also relevant for corro-
sion protective coatings and antifouling coatings that rely on organic in-
hibitors [31] and organic biocides [32], respectively.
4.3. Rheology
A rheological study was performed (Fig. 7) to understand the effect
of additives on the viscosity and viscoelastic behavior of the main com-
ponent of the formulation (See Fig. 8).
It is possible to verify that the addition of 0.3% PhPh to the for-
mulation keeps its viscosity almost intact, while the addition of 3%
SiNC-PhPh lowers it. Nevertheless, the resulting viscosity profile for
080-SiNC-PhPh is very similar to the original formulation, and the low-
ering of viscosity of only 5mPa·s in the application range (1000s⁠−1) is
most likely due to the addition of water from the particles slurry. The
lower viscosity of the formulation also supports the good dispersion of
the particles, since large particles aggregates usually collide into each
other when the formulation is forced to move, creating friction and in-
creasing the viscosity. As it is evident by the remaining properties (hard-
ness, mechanical and corrosion protection), the lower viscosity does not
influence the application of the film.
The oscillatory rheological study shows a modulus pattern typi-
cal of viscoelastic liquids. For the three systems (080, 080-PhPh and
080-SiNC-PhPh), the loss modulus dominates (G’’>G’) at low fre-
quencies (long timescales), implying a viscous behavior of the for-
mulation when
it is stored. This explains the tendency of additives to sediment during
storage, yet it was verified that mechanical stirring is sufficient for redis-
persion. Nevertheless, when comparing with the G’’ value of the origi-
nal formulation (080), the G’’ value of 080-SiNC-PhPh is lower for low
frequencies. This means that the addition of the capsules’ slurry makes
the formulation slightly less viscous dominated and slightly more stable
during storage.
After a finite period, for high frequencies (fast processes), the for-
mulation is elastically dominated (G’>G’’), similar to the behavior of
other inorganic additives [33], which is translated in a good levelling
and sag behavior. The capsules help this behavior by increasing the
difference between the two moduli, without drastically changing the
timescale of the gel point (Table 2).
4.4. Glass transition temperature and thermal stability
The glass transition temperature (T⁠g) is a critical parameter for coat-
ing performance. The coating glass transition reflects the thermal ex-
pansion when the coating goes from a hard glassy state to a rubbery
state. Our coating has a T⁠g around 52°C (Table 3 and Fig. S2 of the
Supplementary Material) which is high enough to obtain a hard glassy
state with favorable hardness and mechanical properties at room tem-
perature, but low enough for the coating to cure without the need of
higher temperatures that are inconvenient for large scale industrial ap-
plications.
Fig. 7. Rotational (left) and oscillatory (right) rheological properties of the 3 systems (original, with 0.3% PhPh and with 3.0% SiNC-PhPh).
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Fig. 8. TG thermogram of the three coating systems (original, with 0.3% PhPh and with
3.0% SiNC-PhPh).
Table 2
Rheological properties of the gel point.
System Frequency/Hz Modulus/Pa
080 5.7 0.74
080-PhPh 4.1 0.36
080-SiNC-PhPh 3.9 0.29
Table 3
Glass transition temperatures measured by DSC.
System T⁠g/°C
080 51.7±1.0
080-PhPh 51.6±1.0
080-SiNC-PhPh 52.4±1.0
With the addition of the nanocontainers, as well as the directly dis-
persed PhPh, the T⁠g is kept at temperature values ideal for the same
type of applications of the original lacquer. It can be noticed that even
though PhPh reacts with the 080’s hardener, the T⁠g is kept nearly un-
changed in the case of 080-PhPh. This can be because, when preparing a
coating, the given proportion of curing agent is always calculated to be
slightly in excess, in order for part of the isocyanates to react, if neces-
sary, with any water present. This excess of curing agent may be enough
to react with the directly added PhPh present in the formulation in a
low percentage (0.3%), resulting in the deactivation of PhPh (Section
4.2. Deactivation of PhPh), but, at the same time, also enough to prop-
erly react with the main component of formulation maintaining the T⁠g
unchanged. In the case of 080-SiNC-PhPh, the T⁠g is only slightly higher
than the original formulation. This is in agreement with other studies
where the addition of silica nanoparticles can modify the mechanical
properties of the coatings, but leave T⁠g nearly unaffected [34]. Never-
theless, a second glass transition at higher temperatures was also de-
tected, which is consistent with other works [35] and can be due to the
formation of a second phase of polymeric structures around the SiNC.
The thermal stability of the cured coatings was investigated by ther-
mogravimetric measurements. It is possible to observe that the direct
addition of PhPh, leads to a slight decrease of the coating thermal sta-
bility for temperatures between 40°C and 100°C. The reason for this
difference is not straightforward and since the decrease is not signifi-
cant this aspect was not further explored in the present work. Never-
theless, the encapsulation of PhPh improves this situation, maintaining
the thermal stability of the original coating up to temperatures around
100–120°C.
4.5. Release and leaching studies
The prepared SiNC-PhPh exhibit a spherical morphology, as can be
noticed by the SEM results presented in Fig. 9, with a size diameter
between 300 and 450nm. The response of SiNC-PhPh to pH in solu-
tion was investigated by measuring the release of PhPh under pH=4,
pH=10 and NaCl 0.05M (Fig. 10). Under NaCl 0.05M, the amount
released was below the detection limit of the UV–Vis spectrophotome-
ter, which indicates that SiNC do not release PhPh or the release is low
enough to avoid leaching of PhPh, under near neutral accelerated cor-
rosion conditions, when the nanocapsules are imbedded in a coating
matrix. As it is possible to observe from the release profiles presented
in Fig. 10, there is a very small release of PhPh from SiNC at pH=4.
After 24h, the release reaches 8.5% of the total amount of encapsu-
lated PhPh. Regarding the release at pH=10, there is an increase in
the amount released, reaching ∼35% after 1h. At 24h, there was no
increase of the release of PhPh from SiNC. Despite the indicated value
at 24h being lower than at 1h, this should be due to reasons (read-
sorption of PhPh on the surface of the particles or the acid-base equi-
librium displacing with time towards the neutral form, known to have
much lower solubility in water than the anionic form) which don’t seem
to influence the performance of SiNC-PhPh for corrosion sensing, and
Fig. 9. SEM image of SiNC-PhPh.
Fig. 10. PhPh release profiles from SiNC at pH=4 and pH=10.
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therefore it is possible to assume that the maximum amount of PhPh re-
leased at pH=10 is the one indicated at 1h, ∼35%.
There are two main factors influencing the release of PhPh from
SiNCs: the solubility of PhPh and the stability of SiNCs. At near neutral
pHs, SiNCs are very stable, PhPh has very limited solubility and no re-
lease is noticed. Under acidic conditions (pH=4), PhPh is released to
the surrounding solution. The reason behind this is not exactly known,
but should be related to the stability of SiNCs under acidic conditions
(hydrolysis of non-hydrolyzed TEOS blocking some pores [36]) and/
or higher solubility of PhPh under conditions of higher ionic strength
(in the case of NaCl solutions, as the ionic strength increases, PhPh is
also released more extensively [12]). At pH=10, the surrounding solu-
tion is able to diffuse through the mesoporous shell of the nanocapsules,
where some amount of PhPh already exists. After reaching the core,
where most of PhPh is present, the basic solution displaces the acid-base
equilibrium of PhPh from the colorless neutral form to the pink anionic
form, which is known to be more soluble and being able to diffuse to
the surrounding solution.
Following the release studies performed to analyze the sensitivity of
SiNC to different conditions, leaching studies of free coating films (de-
tached from a polypropylene substrate) in solution were also performed
for 080-PhPh and 080-SiNC-PhPh under 0.05M NaCl, pH=4, pH=10
and pH=11.5 (Fig. 11). Under near neutral accelerated corrosion con-
ditions (NaCl 0.05M), which are most likely to represent application
conditions, no PhPh was detected after 15days of exposure. Avoiding
the leaching of active compounds during the working life of the coat-
ing is important not only from a coating functionality point of view,
but also due to environmental concerns. Even for more aggressive con-
ditions, the leaching of PhPh was not noticeable (pH=4) or happened
only in very minor percentages (pH=10 and pH=11.5) compared to
the total amount that was added to the formulation (directly or encapsu-
lated). Between directly adding PhPh or SiNC-PhPh, the only difference
is that for pH=11.5, 080-PhPh leaches to a slightly greater extent than
080-SiNC-PhPh. Nevertheless, this release of active compound should
only happen underneath the coating, in areas where hydroxide anions
accumulate due to the onset of corrosion.
During the immersion tests reported in Section 4.1 (Corrosion Sens-
ing Tests), in order to test if there was leaching of PhPh from the coat-
ings (080-PhPh and 080-SiNC-PhPh) to the surrounding immersion so-
lutions, aliquots of the immersion solution were collected after cor-
rosion sensing was already triggered. The pH of the solution was in-
creased to 10 by the addition of NaOH, but the solution remained col
Fig. 11. Leaching studies for 080-PhPh and 080-SiNC-PhPh free films.
orless. This also indicates that the extent to which PhPh leaches to the
surrounding 5% NaCl solution, in the case of both samples, is below the
concentration required to change the color of the solution and should be
negligible.
4.6. Hardness and mechanical properties
It is possible to verify that according to the Martens microhardness
values presented in Table 4, 080-PhPh hardness values are in agreement
with the original coating within the standard deviation of the measure-
ments. For 080-SiNC-PhPh the hardness values are slightly higher and
reflect a higher resistance to scratching, which is in agreement with
other studies that use silica nanoparticles as coating additives [37].
Concerning the mechanical properties (Table 4), the tensile strength
of the three samples is nearly the same within experimental uncertainty,
which means that the cohesive forces within the material are almost
identical, regardless if 0.3% PhPh or 3% SiNC-PhPh are added to the
original formulation.
4.7. Corrosion resistance
The main objective of adding corrosion sensing additives to coatings
is to provide them with sensing functionality, yet without compromis-
ing their barrier properties. Therefore, the corrosion resistance of coated
AA2024 substrates under 0.05M NaCl was evaluated by electrochemi-
cal impedance spectroscopy (EIS, Fig. 12) for the three systems studied
(080, 080-PhPh and 080-SiNC-PhPh).
According to EIS measurements over time (5min, 1day, 1week
and 2months), for a frequency of 0.1Hz, it is possible to obtain the
following order of coating performance: 080-PhPh
(worst)<080<080-SiNC-PhPh (best).
Initially, the EIS spectrum obtained at 5min for 080-SiNC-PhPh is
very similar to the reference coating 080, across the whole frequency
range. This supports that a good dispersion of the capsules in the coating
was achieved, since any agglomeration would most likely have a detri-
mental impact in the initial barrier properties, by creating micro defects
or other kind of pathways for the diffusion of electrolyte species. On the
other hand, the direct addition of PhPh to the coating results in lower
impedance at low frequencies, as can be seen in the spectrum obtained
after 5min, when compared to 080 and 080-SiNC-PhPh. Taking into ac-
count that only one time constant is detected at this stage (5min) for
all the three systems, the lower frequency plateau can be ascribed to
resistive part of the coating response, namely the pore resistance [38].
The negative effect of adding directly PhPh to the coating can be due
to a detrimental influence of PhPh on the crosslinking between polymer
molecules during the curing process because of their interaction with
the hardener or even due to the insolubility of PhPh in water based for-
mulations, which not only has a detrimental effect on the barrier prop-
erties of the coating but also, as it is evident from the immersion and
salt-spray tests, on its functionality.
However, after 1day of immersion, the impedance values decrease
and additional time constants can be detected at intermediate and low
frequencies, which can be attributed to the response of the native oxide
Table 4
Hardness and tensile tests results.
Sample
Martens microhardness/
N·mm⁠−2
Tensile strength/
MPa
080 132±13 42.3±3.6
080-PhPh 143±1 37.5±3.2
080-SiNC-
PhPh
154±3 37.9±2.4
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Fig. 12. EIS results of the AA2024 coated substrates under 0.05M NaCl.
film (f∼10⁠1Hz) and electrochemical processes ongoing at the metal-
lic substrate (10⁠−2< f<10⁠−1Hz). The time-constant associated with
the coating response is still visible at high frequencies (f>10⁠4Hz). Al-
though the decrease in impedance magnitude occurs for all the three
systems under investigation, the decrease is more significant for
080-PhPh and 080 systems. After one week under immersion in 0.05M
NaCl, it is possible to verify that the system with PhPh (080-PhPh)
clearly exhibits the lowest impedance values. Although another time
constant appears at low frequencies indicating corrosion reactions on
the metallic subtract after 1day and 1week, no color change is visi-
ble during the test due to the accumulation of hydroxide anions under
these conditions still not reaching a certain threshold. In the case of the
system that is able to indicate corrosion, 080-SiNC-PhPh, the compar-
atively lower decrease in magnitude of impedance implies that these
processes are still not significant enough in order for a substantial con-
centration of hydroxide anions to accumulate locally and reach a pH at
least higher than the pKa of PhPh (pK⁠a=9.3 [39]), but, more impor-
tantly, high enough to allow the change of color of PhPh to be signifi-
cant (usually, pH around 10) and high enough to allow the diffusion of
the hydroxide anions through the coating to be sufficient to reach the
SiNC-PhPh also in high concentrations (according to the leaching stud-
ies presented in Section 4.5, probably a pH between 10 and 11.5).
After 2months, the magnitude of impedance of the original coating
lowers to values similar to 080-PhPh. Contrastingly, the EIS spectrum
acquired for 080-SiNC-PhPh after 2months of immersion is still simi-
lar to the spectrum obtained after 1day of immersion. These results are
consistent with the pictures presented in Table 5. The improved corro-
sion resistance of 080-SiNC-PhPh in comparison with the original coat-
ing (080) is possibly related by the filler effect of the SiNC [37], as it
is also demonstrated by the enhanced hardness results presented above.
Nevertheless, a more in depth analysis of the enhanced protection by
SiNC has been analyzed before in a work from our research group ded-
icated specifically to corrosion protection employing different SiNCs
(“empty” and with a corrosion inhibitor encapsulated; in solution and
impregnated in a coating) [36].
o understand why PhPh does not exhibit any noticeable active cor-
rosion protection when present in the coating (080-PhPh) or after be-
ing locally released from the nanocontainers at high pHs during the cor-
rosion process (080-SiNC-PhPh), periodic model DFT calculations were
performed to obtain a qualitative picture of its interaction with the alu-
minum oxide layer, typically formed on top of AA2024 [22–25], and
with the bare aluminum surface, which is important to consider due to
defects [22,23] and stability [24,25] of the oxide layer under different
electrolyte conditions.
The adsorption energies for PhPh and MBT onto the Al⁠2O⁠3(0001) and
Al(111) surface models presented in Fig. 13 reveal that the interaction
of PhPh with the bare aluminum surface is less favorable than in the
case of MBT, a typical corrosion inhibitor for AA2024 [15] which pre-
sents active protective functionality when SiNC-MBT [36] are applied
in coatings. PhPh adsorbs more favorably onto Al⁠2O⁠3(0001) than MBT
[E⁠ads(PhPh@Al⁠2O⁠3(0001))<E⁠ads(MBT@Al ⁠2O⁠3(0001))], whereas MBT
adsorbs more favorably onto Al(111) than PhPh
[E⁠ads(PhPh@Al(111))>E⁠ads(MBT@Al(111))]. This result indicates that
it should be the adsorption onto the bare aluminum surface the fun-
damental interaction to understand the protection of the surface and
achieve active corrosion protection functionality. Moreover, the more
favorable interaction of potential corrosion inhibitors with Al(111)
might be especially relevant when corrosion is onset and the stability
of the oxide layer is lower. To understand the performance of organic
corrosion inhibitors, several authors have pointed to the importance
of the adsorption of the deprotonated form of the molecules [40–42],
and the ability of functional groups to be ionized without being strong
acids [43]. Indeed, PhPh has a less favorable adsorption energy than
MBT when deprotonated on the surface (Fig. 13), while its pK⁠a is sig-
nificantly higher [pK⁠a(PhPh)=9.3 [39], pK⁠a(MBT)=7.0 [14]], result-
ing in a lower capacity of PhPh to adsorb onto aluminum surfaces
[E⁠ads(PhPh⁠deprot@Al(111))>E⁠ads(MBT⁠deprot@Al(111))]. Costa et al.
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Table 5
AA2024 coated substrates under 0.05M NaCl analyzed by EIS.
Fig. 13. Preferential coordination modes for PhPh and MBT onto hydrogenated Al⁠2O⁠3(0001) and Al(111) surfaces and corresponding adsorption energies in kJ·mol⁠−1.
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[44] have shown that an organic protective layer has an even greater in-
sulating character than that of the oxide layer itself. Herein the simplest
case of an organic protective layer was also investigated considering the
adsorption of dimers with the molecules deprotonated on the surface.
PhPh dimers have an adsorption energy less favorable than MBT dimers
[E⁠ads(2PhPh⁠deprot@Al(111))>E⁠ads(2MBT⁠deprot@Al(111))], while leaving
more free aluminum atoms on the surface than MBT, making these
atoms more available to interact with aggressive species. On the other
hand, MBT adopts a coordination more prone to insulate the aluminum
surface and form a protective film than PhPh.
5. Conclusions
A new coating formulation with improved functionality and per-
formance is reported in this study. Phenolphthalein-encapsulated sil-
ica nanoparticles were used as an additive, and the properties of the
obtained coating were compared with those attained when phenolph-
thalein is directly added to the formulation.
The following conclusions were obtained:
- Immersion and salt-spray tests of AA2024 coated plates containing
SiNC-PhPh under 5% NaCl solution proved functionality of the coat-
ings for corrosion detection. Adding PhPh directly to the coating for-
mulation was not effective indicating corrosion and its deactivation,
due to detrimental interaction with the hardener, was demonstrated
by FT-IR and GPC.
- Rheological studies revealed that the viscosity of the formulation, with
addition of SiNC-PhPh, is consistent with a good dispersion of the par-
ticles while the slightly lower viscosity obtained is not detrimental for
its application. The viscoelastic properties show that the addition of
SiNC-PhPh might even help levelling and reduce sagging of the formu-
lation.
- DSC measurements show that SiNC-PhPh maintain the glass transi-
tion temperature of the coating. The encapsulation of PhPh slightly
improves the thermal stability of the coatings in comparison with di-
rectly added PhPh.
- Leaching studies do not show leaching of the active compound under
normal application conditions.
- The addition of SiNC-PhPh improved the hardness and corrosion re-
sistance of the coatings, maintaining its tensile strength.
These results are important to understand the advantages and disad-
vantages of using silica nanocapsules in functional coatings and lay the
ground to build and improve a new line of coating products for corro-
sion sensing. Moreover, they seem transferable to self-healing [31] and
anti-fouling coatings [32], where nanocontainers are also employed.
This work also opens new objectives for the near future of corrosion
sensing coatings, which is to quantify and directly correlate the change
of color and its intensity with the level of degradation measured electro-
chemically.
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